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RESUME:

Pratt & Whitney (P&W) is contracted under NASA Contract NAS8-36801 to develop alternate
high-pressure fuel and oxidizer turbopumps for the Space Shuttle Main Engine (SSME). This document
presents the resuits of the HPOTP rotordynamic baseline and parametric analyses.

The analyses presented in this report include both detailed parametric sensitivity studies, in combination
with a thorough baseline analysis. The sensitivity studies quantified the impact extreme input parameter
variations would have on rotordynamic response. Taguchi statistical methods were utilized throughout
the report to accomplish these goals.

The following conclusions are supported from the results of this analysis:

a. The ATD HPOTP has 2X critical speed margin relative to the fundamental rotor bending mode
(i.e., satisfy 20% DVS cnitena).

b. Subcritical operation is predicted for baseline conditions and nonlinear tolerances, including bearing
deadband. The first rotor mode is predicted to occur at 30,000 RPM (124% of FPL).

c. The ATD HPOTP has adequate rotordynamic stability margin from both linear and noniinear
studies (OSI exceeds 40K RPM with 0.24 LOG-DEC value at 109% RPL).

d. Acceptable housing accelerations and bearing loads are predicted.

e. All DVS rotordynamic criteria are satisfied.

A /)

APPROVED BY:

(First Level Supervisor) (Sécond Level Sufyervisor)
D. A. Lewis
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1.0 INTRODUCTION

The following documents the SSME ATD HPOTP rotordynamic analyses. This document
includes critical speed, stability and forced response due to excitation forces. The models
include both rotor and housing dynamics and are intended to replicate the ATD HPOTP

production configuration.

Data from several disciplines within Pratt and Whitney were utilized in support of this effort.
The most recent verified values from these various groups were used. Where possibie
these values have been correlated to actual SSME ATD HPOTP test data. The ATD HPOTP
has completed several tests up to 111% RPL with LOX cryogen (118% with LN2 cryogen)
giving confidence in these values.

Resuits from a thorough rotordynamic baseline analysis are presented in this document. In
addition, a Taguchi parametric sensitivity study was also conducted. NASA/MSFC and Pratt
and Whitney rotordynamics jointly developed the study plan including both the significant
rotordynamic boundary condition variables and the ranges examined. The parametric
sensitivity study consisted of two parts: (1) a boundary condition sensitivity study and (2)
rotordynamic sensitivity study. The extreme vaiues from the boundary condition studies
were utilized in the rotordynamic sensitivity study. Detailed results from both parts of the
parametric sensitivity study are included in this report.

INTRODUCTION 1



Pratt & Whitney
FR 20730-27

2.0 METHODS

Analytical and procedural methods are presented for the BOUNDARY CONDITIONS
ANALYSES, ROTORDYNAMIC ANALYSES, and STATISTICAL METHODS used for assessing
parameter input influences and combining the parameter inputs for presenting minimum,
nominal and maximum conditions for the range of input variations considered.

METHODS 2
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2.1 Boundary Conditions

2.1.1 Aeromechanical Force Coefficients

A destabilizing force is generated on the turbine wheel due to changing blade tip clearance
and changing efficiency of the blade to extract work as the rotor whirls ( Reference 4. on
page 131 ). This force is speed dependent as torque varies with speed. The force direction
illustrated in Figure 3 is the same as the whirl velocity. Thus, the force contributes only a
cross-coupled stiffness term and has no effect on critical speed.

The destabilizing force is expressed by;

(B - (58] -

where: T = Turbine Torque
Dp = Blade Pitch Diameter
H = Blade Height
B = Coefficient of change in turbine efficiency

HoUSING—

Swesis A &30

Figure 3. Aeromachanical Force Diagram: Destabilizing force is in direction of Whirl

METHODS 3



Pratt & Whitney
FR 20730-27

2.1.2 Hydromechanical Force Coefficients

Dynamic forces generated by turbopump impeller-diffusers are modeled in equation (2.0).
This model is the result of NASA funded research and testing by the California Institute of
Technology.

R B R T B BT
C = npbR’ (2.1)

where; p = fluid density

fluid exit width (axial)
fluid exit radius

rotor spin speed

1}

1)

b
R
w

The nondimensional test data of Reference 5. on page 131. Table 1, is symmetric, which
allows the simplified model of equation 2.0.

Thus,

K=(Kxx+ Kyy) 2 k=(Kyx+ Kxy) 2
C=(Cxx+Cyy)2 c=(Cyx+Cxy)?2 (2.2)
M= (Mxx+ Myy) 2 m=(Myx+ Mxy) 2

The nondimensional force coefficients of Reference 5. on page 131 have been
dimentionalized by the model of equation 2.0. with force directions illustrated in Figure 4 on
page 5. The direct stiffness coefficient “K” is negative and has the effect of reducing the
critical speed. The cross-coupled stiffness coefficient "k” causes a force in the same
direction as rotor whirl and is destabilizing.! The direct damping coefficient “C” acts as a
whirl restoring force in the opposite direction as “k” and is stabilizing. These last two terms,
“k” and “C” can be equated in a general term to scale the relative effectiveness of stability.
This “whirl ratio” is expressed as, k/Cw.

' The cross-coupled nondimensional force coefficient “k” from Reference 5. on page 131 has been muitiplied
by 2x in this report, based on the results of Dr. Dara Childs’ previous Rocketdyne studies.
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Figure 4. Hydromechanical Force Diagram

2.1.3 Structural Damping

Structure damping provides a constant energy dissipation per cycle of oscillation.
Rocketdyne modal test showed casing modes to have about 3% to 6% equivalent viscous
damping and the rotor modes to have about 0.6% ( Reference 3. on page 131 ). Based on
this information and Pratt & Whitney studies of the XLR129 & 350K high pressure turbopump,
a nominal critical damping ratio of 3% was used for housing structural damping and 0.6%

for the rotor.

2.1.4 Damper Seal Coefficients

A damper seal program developed by Dr. Dara Childs (Texas A&M) is used to define
dynamic coefficients of high pressure annular seals. The program is capable of modeling
annular seal geometry, flow properties and surface treatments. The solution procedure
allows tapered clearances and different surface-roughness treatment on the stator or rotor
seal elements. Output includes seal direct and cross-coupled stiffness, direct and
cross-coupled damping and direct inertia.
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2.1.5 Gas Labyrinth Seals

Calculations for labyrinth seal coefficients of the turbine interstage seals and interpropellant
seals, were made with codes from Dr. Dara Childs (Turbomachinery Laboratories, Texas
A&M) and are based on Scharrer’s analysis ( Reference 10. on page 131 ).

2.1.6 Component Side Loads

Static rotor side loads are used for the nonlinear analysis which include impeller and turbine
component side loads. Circumferential pressure gradients are created from discharge
hardware asymmetry, resulting in static load vectors. The impeller and turbine component
side loads have been substantiated by hydromechanical and aeromechanical fiow rigs within
the Mechanical Component Design Group ( 12. on page 132 ).
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2.1.7 Bearing Radial Dynamic Stiffness

Ball bearing load-deflection plots are generated using "Jones V” rigid ring analysis program
based on formulation by A. B. Jones. The bail bearing model includes the outer race, balls
and inner race. Effects of bearing carrier and back-up support are not included in the ball

bearing springrate calcuiations.

Roller bearing load-deflection plots are generated using a flexible ring version; Jones V.
The roller bearing model includes the outer race, rollers and inner race. A thin shell theory
is used for influence coefficients of the bearing race support.

Traditional A. B. Jones results for radial bearing springrates are defined by the siope of the
tangent for a given radial load on the load-deflection curve ( Figure 5 ). Pratt & Whitney
experience has shown that the tangent springrate theory over estimates actuai dynamic
springrates by approximately 50% for ball bearings with loads similar to the ATD application.
More accurate results are obtained using the effective or secant siope on the load-deflection

curve shown in { Figure 5 ).

Bearing springrates for the SSME ATD turbopumps have been calculated using the secant
method. Springrates are calculated vs speed using the resultant static side loads. Bearing
parameters used in the bearing stiffness calculation do not include deadband clearance but

are included later in the nonlinear analysis.

Load
Deflection Curve
(A.B. Jones Anaiysis)

8-
-
-]
-
- ——
-T:';' Secant
@ Slope
Springrate Tangent
Springrate

Radial Deflection

Figure 5. A.B. Jones Bearing Springrate Diagram: Load-Deflection Curve using secant method for

prediction of bearing stiffness for a given radial load.
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2.1.8 Rotor Imbalance

Eccentric mass distribution is a major source of synchronous rotor excitation for the forced
response analyses. This mass imbalance has been calculated for analytical input to simuiate
actual detail part, subassembly and full assembly imbalance. A 2X increase in the pump
subassembly imbalance is added to provide conservative margins for reassembly residual

and ‘hydraulic imbatance’.

The rotor imbalance distribution used in the rotordynamic forced response analysis is
tabulated in Table 1 on page 9. The distribution is constructed in two parts; pump and
turbine subassembly, to simulate the actual hardware assembly procedures. The pump
subassembly mass distribution is assumed to have worse case eccentricity of 0.0005 inch.
The sum is distributed at location 2, 3 & 5 of Figure 6 on page 9. Corrections are made in
stations 1 & 4 (Pump subassembiy correction planes) to simulate the rotor after balance
correction procedures, and residual moment imbalances. The original imbalance is again
distributed at stations 2,3 & 5 (2X) to account for reassembly residual imbalance. Actual
reassembly imbalance measurements have been approximately 1/3 of the analytical vaiues
of this distribution.

Turbine imbalance is significantly less than pump imbalance, as the turbine disk is integral
with the shaft and rotor journals and is mass corrected at the detail part levei. The imbalance
distribution for the turbine subassembly represents the turbine biades, interstage seals and
accompanying attachment parts. Actual reassembly imbalance measurements are 0.01-0.03
oz-in.
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Malin
Stage
Impeller
Preburner Turbine
Impeller
Figure 6. Rotor Imbalance Distribution Diagram
Axial Angular
Location st:&; Location Irr;!;zl.?:)c e Phase
{inch) (degrees)
1 02 0.880 0.051 180
2 05 2.430 0.174 0
3 15 8.670 0.442 0
4 16 9.390 0.311 180
5 26 15.150 0.054 0
6 39 22.290 0.025 0
Table 1. Rotor imbalance Distribution
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2.2 Rotordynamic Analyses

2.2.1 Critical Speeds

Critical speeds are defined as rotational speeds of the rotor which are coincident with one
of the natural vibratory modes of the rotor system. A critical speed analysis yields both the
speed (frequency) of the coincidence and the normalized mode shapes of the rotor system.

Classical critical speed analysis involves solving an Eigenvalue problem. Pratt and Whitney
conducts classical critical speed analyses using a transfer matrix approach to define the
state variable matrices and then an iterative process to solve the determinant. The critical
speed analysis utilizes only the direct stiffness component of the rotor interface coefficients
(i.e., no inertia, damping or cross-coupled stiffness terms).

Once the determinant search is completed and the critical speed is known, normalized mode
shapes can be extracted from the displacement state variables. These mode shapes yield
insight into the relative rotor to housing motion, however since this is an Eigenvalue
analysis, only relative deflections are resolved.

2.2.2 Linear Stability

A rotor system is said to be stable when following a small disturbance, the system response
tends to return to its equilibrium position. The means of quantifying the stability margin of
a system vary, however all relate to a measure of the system’s relative damping. Some of
the more popular quantifiers include: OS! (Onset Speed of Instability), LOG-DEC (logarithmic
decrement), or critical damping ratio.

The linear stability analysis conducted on the ATD HPTP’s invoive a complex Eigenvalue
analysis: the complex part contains frequency information, while the real part contains
system damping information. The analysis was conducted using Pratt and Whitney’s
CANCER code, developed by Dr. Dara Childs. This analysis utilized all rotordynamic
boundary condition coefficients (i.e, direct and cross-coupled damping, stiffness and inertia)
and constant modal damping for the housing modes.

The stability analysis results are presented in terms of LOG-DEC; the decay rate of the
system. Since the rotordynamic coefficients vary with speed, the stability results are
presented as a function of speed. Also, recall the stability of a given mode is independent
of the other modes and therefore the LOG-DEC value describes only a specific mode. For
completeness additional analyses were conducted to determine the OSI.

2.2.3 Forced Response

Forced response analysis is the response of the rotor system to rotor unbalance. The output
includes bearing loads, rotor to housing deflection, and housing acceleration levels.
Experience gained from the current Rocketdyne SSME HPTP’s has shown HPTP
rotordynamic response is potentially sensitive to certain nonlinear aspects. For this reason,
forced response analyses documented in this report include nonlinear effects.
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The analysis was conducted using Pratt and Whitney’s nonlinear CANCER code, developed
by Dr. Dara Childs. The code accounts for both bearing deadband and static side loads; the
two significant rotordynamic noniinear interactions. Pratt and Whitney’'s nonlinear code is
incapable of modeling inertia terms. In order to compensate for this deficiency, cross-couple
damping terms were compensated.

The accuracy of the nonlinear model was confirmed by deleting the bearing deadband and
static side loads (nonlinearities) and comparing the resuits with the linear model. The
nonlinear mode! utilized a ramp rate of 100000 rpm/sec (w/20000 integration points) to avoid
numerical instability yet adequately excite the rotor. This ramp rate is not intended to
duplicate the ramp rate of the SSME. Comparisons of the linear and linearized nonlinear
model showed good agreement.

METHODS 3



Pratt & Whitney
FR 20730-27

2.3 Design of Experiments (Taguchi Methods)

A statistical technique was used for 1) assessing input parameter sensitivities and 2)
calcuiating parameter combinations to produce minimum and maximum outputs. The
technique is commonly used in manufacturing applications to make multiple parameter
variations simultaneously, in a symmetric setup of a limited amount of experiments or runs.
Data can then be extracted from the matrix of each parameter to calculate a “response
table”. An optimum combination is then found and represents the “Paper Champ” minimum
and/or maximum output value. Confirmation test or runs are then made to verify the
findings. These methods allow identification of individual parameter sensitivities, optimum
values, and parameter interactions that may not be found with “on-at-a-time” parameter
variation methods and greatly reduces the {abor involved.

A simplified example is presented in Appendix B of a static stress calculation for a fixed
beam with option length, load angle, thickness and width. Stress is calculated at the base
of the beam, with the goal of minimizing the principal value. Input parameter are considered
that have or thought to have an influence on the stress. These “factors” are tabulated with
their allowable variations (e.g. Load Angle, by design, may vary from 30 to 45 degrees, etc).
Even if little is known about a parameter influence, it can be added to the test matrix. Color
is added in this example for illustration purposes, as it obviously has no influence on stress.
Six factors are identified with two level variation.

This matrix would require 128 calculations (or measurements) to examine every combination
of input values and identify the minimum stress (ignoring other methods of calculating
minimum stress for this simpie example). Using a L8 array to make multipie parameter
variation in a symmetrical matrix, similar data can be extracted making only eight test runs

and one confirmation run.

Eight calculations are made with the specified parameter levels given by the array (note, one
other parameter could have been chosen as “G”). The response table is then tabulated from
the array to give parameter sensitivity. Delta values are used to assess a parameter
influence to the output (i.e. stress). General grouping can be assessed in "Rate the
Performance” and helps to highlight the influential parameters. As can be seen in the
evaluation of “color”, some data noise is calculated, but when compared to the performance
of the other parameters, it can supply useful information. In this case, color was the least

influential, so it is assessed as "Not Important”.

Combinations are then tabuiated to produce the minimum stress or maximum stress if it
were desired. In this example, level 2 for parameter “A” (Load Angle), level 1 for parameter
"B” (Length L1), etc, are predicted to produce the minimum stress. This is the “Paper
Champ”. A confirmation run is then made to verify the prediction. Notice that from the test
matrix, a spread of 17 KSI to 102 KS| was calculated. Using the “Paper Champ”, the minimum
stress was found as 10 KSI.
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3.0 MODEL DESCRIPTION

The mass-elastic models for the rotor have been substantiated with a modal lab test in
Reference 1. on page 131. The mass-elastic models for the housing have been calibrated
with structural finite element modeis for definition of stiffness characteristics and weight
audits for definition of mass terms inciuding mass/inertia for the preburner housing.? -

3.1 System Model

The rotor assembly and housing assembly rotordynamic model is constructed from simple
geometric shapes as illustrated, for the rotor in Figure 8 on page 15. These “geometry
codes” are reduced to a system of discretized masses connected by massiess beams. The
masses have inertia properties while the beams have both bending and shear flexibilities.
The remainder of the assembly not represented by these codes are included as mass/inertia
terms without any stiffness contributions.

The natural frequency modes from these models are generated and are connected using
serial connections (boundary conditions) for later calculation of the system modes. A stick
diagram is illustrated in Figure 7 with tabulated axial locations in Table 2 on page 14 to
show the reiative boundary condition ‘connect points’ with the rotor and housing models.

(PUMP) ROTOR (TURBINE)

QO O® © ®© QICJOLY)

HOUSING

[I777777777777

Figure 7. System Model Stick Diagram: Rotor and Housing models, including preburner housing mass/

inertia with connecting boundary condition locations.

2 Substantiation of the housing model with modal lab test is pending execution of the test.
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Boundary Condition Connection Data
Axial Station Number
Index Boundary Condition Location .
Rotor Housing
1 Preburner impelier 1.596 in 5 04
2 Four Tooth Labyrinth Seat 2.330 in 7 07
3 Damper Seal 2.453 in 8 10
4 Ball Bearing 3.816 in 13 13
5 Main Stage Impeller 9.394 in 38 22
Primary H2 Labyrinth Seal, Secondary
6 H2 Labyrinth Seal, Primary LO2 16.563 in 70 33
Labyrinth Seal :
7 Rotler Bearing 20.237 in 87 36
8 Turbine 2-3 Interstage Labyrinth 21.673 in 94 39
9 Turbine C.G. 22.299 in 96 42
10 Turbine 1-2 Interstage Labyrinth 22.897 in 99 44
11 Preburner Inlet Piumbing 00in N/A 01
12 Preburner Discharge Plumbing 1.3 N/A 02
13 Pump |/D Plumbing 9.578 in N/A 23
14 Turbopump Mount 28.341 in N/A 48
Table 2. System Model Boundary Condition Locations.

MODEL DESCRIPTION
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3.2 Rotor Model

The rotor model of Unit 1-1 design has been substantiated with laboratory modal analysis
( Reference 1. on page 131 ). The model used in this report has been updated to represent
the latest rotor design based on Unit 4-1 which includes the preburner impeller ‘nut’ spacer.
This spacer extends the outer load path in the rotor stack for increased rotor stiffness as a
result of ATD test development. There is essentially no change in rotor weight. Thus, the
total rotor weight of Unit 1-1 and Unit 4-1 design are equal, but have different stiffness
characteristics. Rotor weight of Unit 4-1 is itemized in Table 4 on page 16. The full rotor
mass-normalized data for free-free modes of Unit 4-1 rotor design are included in Appendix
C with mode shapes shown in Figure 9 on page 17 thru Figure 11 on page 19. A summary
of the rotor free-free natural frequencies are inciuded in Table 3.

Unit 4-1 Design Rotor Model, Free-Free
Modes
Mode Frequency
1st Bending 4380 Hz
2nd Bending 1040 Hz
3rd Bending 2000 Hz
Note: Total Rotor Weight = 106 1bm

Tabie 3. 'Unit 4-1 Design’ Rotor Model,
Free-Free Modes: Operating
temperature material properties

Figure 8. ’'Unit 4-1 Design’ Rotor Model: Includes preburner impeiler “nut” spacer
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P;TT Part Description Weight Igyro
4750335 Main Stage Impeiler 15.6500 20.1992
4750018 Pump Side Inducer 3.1500 123878
4750019 Turbine Side Inducer 3.1000 11.1599
4750020 Pump Side K/E Seal 0.3590 0.2241
4750338 Preburner Impeller 10.1000 10.0630
4750088 Spacer 0.0350 0.0000
4750101 1st Stage Turbine Blades 2.2000 23.5726
4750102 2nd Stage Turbine Blades 23263 25.5909
-] 4750103 3rd Stage Turbine Blades 2.7000 30.2516
4750420 | Tie Rod 0.2700 0.1525
4750421 Lock 0.0037 0.0000
4750110 Lock 0.0300 0.0000
4750428 Bumper Ball Bearing Inner Race 0.4870 0.4784
4750144 LOX KJ/E Seal 0.8470 0.8320
4750146 | 2nd H2 K/E Seal 0.7560 0.7143
4750147 Primary H2 K/E Seal 1.3050 1.1971
4750154 | Spacer 0.4087 0.5090
4750646 Speed Pickup Nut 03340 0.2712
4750156 | Washer 0.0220 0.0000
4750163 Converter 0.8310 0.9770
4750165 Roller Bearing Spring . 0.1870 0.2317
4750167 | Turbine Disk Seal 0.6990 12744
4750108 Roller Bearing Inner Race 0.9470 1.0956
4750173 | Turbine Side Spacer 0.0560 0.0046
4750174 Bumper Ball Spacer 0.0340 0.0387
4750203 | Turbine 1-2 Spacer 1.6070 14.5217
4750204 | Turbine 2—3 Spacer 1.6000 145217
4750205 Retainer 0.6200 5.4440
4750206 | Smap Ring 0.0840 0.0000
4750339 | Shaft/Disk Assembly 51.1000 198.8835
ATDGQ3141 | Bumper Ball Sleeve 0.4413 03542
4750210 | Retaining Nut 0.4510 0.1780
4750212 Bore Tube Assembly 1.0600 0.0000
4750198 | Sleeve 0.7140 0.5567
4750426 | 1/2 Ball Bearing 0.5880 0.5736
4750430 | 1/2 Ball Bearing 0.7600 0.7261
ATD04710| Preburner Impeiler Nut Spacer 0.1144 0.0520
[TOTALS 105.9813 377.0374
Table 4. ’Unit 4-1 Rotor Design’ Weight: Total = 106 (bm.
16
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3.3 Housing Model

The mass-elastic models for the housing have been calibrated with structural finite element
models for definition of stiffness characteristics. Weight audits of the housing and
mass/inertia data of the preburner housing from Rocketdyne ( Reference 6. on page 131 )
provided definition of mass terms. Housing weight of Unit 4-1 is itemized in Table 6 on page
24 thru Table 8 on page 26. Component modes are generated in two orthogonal planes X-Z
and Y-Z as a result of the housing asymmetric mount. The mass-normalized data for lateral
component housing modes are included in Appendix D with modes shapes shown in
Figure 15 on page 27 thru Figure 18 on page 30. A summary of the housing mode
frequencies are included in Table 5.

Component Housing Model Modes
Frequency
Mode
X-Z Plane Y-Z Plane
1 . 164 Hz 145 Hz
2 361 Hz 280 Hz
3 718 Hz 634 Hz
4 1197 Hz 1197 Hz
Note: Total Housing Modet Weight = 833
Ibm

Table 5. Housing Modei Modes: Operating

temperature material properties
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Figure 12. Housing Part Reference {Pump-End)
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Figure 13. Housing Part Reference (Mid-Pump)
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Figure 14. Housing Part Reference (Turbine-End)
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Table 8. Housing Weights (miscellaneous parts)
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Component Housing Mode 3:

Figure 17.
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4.0 BASELINE RESULTS
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4.1 Boundary Conditions

The foilowing BASELINE results are calculated as discussed in the METHODS section of 3.0.
Nominal design values were used for inputs such as performance parameters, dimensional
tolerances, etc. These rotor to housing boundary condition resuits are summarized for three
power level settings and are used in the BASELINE ROTORDYNAMIC ANALYSES. Locations
of the boundary conditions are illustrated in Figure 19 where applicable. Full documentation
of the boundary conditions vs speed are included in the section 5.0.
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Figure 19. Boundary Condition Locations
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4.1.1 Speed Profile

The speed profile used in this report is based on performance model PBMS0A Configuration
0291.P. Dynamic coefficients are summarized for 65%, 90% and 109% RPL of this speed
profile when plotting coefficients vs speed.

SPEED PROFILE

POWER 65% 100% 109%

50% 90% 115%,
LEVEL ° (MPL) ° (RPL) (FPL °
SPEED 14,059 16,818 21,115 22.770 24,230 25.153
(RPM)

Note: RPL = 100% PL (470 Klbs vacuum thrust; 375 Kibs sea level).

Table 9. Speed Profile Summary
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Figure 20. Speed Profile
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4.1.2 Aeromechanical Force Coefficients

Cross Coupled Stiffness (K,,) is calculated from the model illustrated in equation 1.0 of
Section 2.1.1. for each of the three turbine stages. The results of each stage are summed as
a single parameter and applied at the Turbine CG. Results are summarized below for 65%,
90% and 109% RPL.

INPUT DATA OUTPUT DATA
sTaGe | 22d® | Blade Stage Torque (ft-Ib) Cross Gy iness
Height
Dia. (,,,3,,) 65% 90% 109% 65% 90% 109%
(inch) RPL RPL RPL RPL RPL RPL
1 9.940 0.555 850 1400 1890 1825 3025 4100
2 10.050 0.665 850 1400 1890 1500 2500 3375
3 10.208 0.823 850 1400 1890 1200 2000 2700
Total - - 2725 4500 6075 4525 7525 10175
Note: Beta = 1.0

Table 10. Aeromechanical Force Coefficients: Total parameter value is applied at turbine C.G.
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4.1.3 Hydromechanical Force Coefficients

Direct and Cross Coupled stiffness, damping and inertia terms are calculated from the model
illustrated in equation 2.0 of Section 2.1.2. for the preburner and main stage impeller. Results
are summarized for 65%, 90% and 108% RPL.

Input Data Output Data
impeiler] impelier .
Stage Tip Exit | Power D':':;‘i’ty Kee | Koy | Crr Coy M M.,
Radius Chord Level tb/in Ib/in Ib-g/in | Ib-sfin Ib-s?/in Ib-s¥/in
. f Ibm/fH3
(inch) {inch)
65% 71.32 4464 | 2694 3.0 7.7 0.003 0.0004
Preburner
3.190 0.150 90% 71.48 -7036 | 4247 3.8 9.7 0.003 0.0004
Impeiler
108% | 71.81 -9265 | 5582 43 1.1 0.003 0.0004
65% 71.15 -354431 21332 240 61.0 0.020 0.003
Main
3.850 0.830 90% 71.22 -55710] 33625} 30.0 76.8 0.020 0.003
Impeller
109% 71.38 -733601 44278 345 88.1 0.020 0.003
Note: 1) Whirl Ratio = 0.50 2) Normalized Empirical Coefficients; Kxx =-2.80, Kxy=1.69,
Cxx =3.33, Cxy=8.53, Mxx=15.50, Mxy =0.74.

Table 11. Hydromechanical Force Coefficients

BASELINE RESULTS 35



4.1.4 Damper Seal Coefficients

Pratt & Whitney
FR 20730-27

Direct and Cross Coupled stiffness, damping and inertia terms are calculated from Childs’
analysis code ( Reference 8. on page 131 and 9. on page 131 ). Results are summarized for

65%, 90% and 109% RPL.

Seal Stator Holes Hirs’ Coeff
Length Seai Dia.
(inch) Depth
(inch) Dia. (in) (in) No. Rotor Stator
M,.= -0.0980 M.= -0.
0.656 3.810 0.052 0.015 835 0.0433
N.,= +0.0191 N, = +0.0312
Note: Iniet Loss Coefficient = 0.1
Table 12. Damper Seai Detail:
Input Data Output Data
Power
Level Deita | Clearance (in) . Density Kex Ky Co Coy Ma
Press Viscosity | |, oas | ib/in | Ib/in | Ib-sfin | Ib-sfin | Ib-s?/in
{psi) iniet Exit (Ibm/s-ft)
65% 1500 | 0.0080 | 0.0055 | 0.87E-4 65.9 170E3| 26E3 55 1.83 0.75
90% 2900 | 0.0075 | 0.0050 | 0.83E-4 65.3 363E3{ SOE3 83 2.46 0.81
109% | 4400 | 0.0070| 0.0045 | 0.81E-4 610E3| 77E3 112 3.07 0.89
Note: Inlet Tangential Velocity Ratio = 0.3

Table 13.

BASELINE RESULTS

Damper Seal Input/Qutput:
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4.1.5 Labyrinth Seals
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Baseline dynamic coefficient calculation are included for the gas labyrinth seals listed and

illustrated below.
1. Interpropellant Seal Package
a. GOX

b. Secondary Hydrogen

¢. Primary Hydrogen
2. Turbine Interstage
a. Stage 1-2
b. Stage 2-3
3. Preburner Impeller 4-Tooth Seal
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Interpropeilant Labyrinth Seal Locations
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4.1.5.1 Interpropellant Seals
Clearance | Radius Tooth Teeth No. of Hirs” Coefl
Seal (inch) (inch) Height Pitch Teeth
(inch) (inch) Rotor Stator
M, =-0.2500 M, =-0.2500
.004 . .14 0.1
A 0.00 1710 0140 “ } N,=+0.0790 | N,=+0.0790
M, =-0.2500 M, =-0.2500
.004 . . .14 5
B 0.00 1.680 0.140 0140 N,= +0.0790 N,= +0.0790
M, = -0.2500 M, = -0.2500
.004 . .14 .140 8
c 0.00 1.710 0.140 0 N.,= +0.0790 N,= +0.0730
Note: HEIGHT and PITCH dimensions are average values.
Table 14. Interpropeilant Seal Detail
Input Data Output Data
Power Ratio
Seal | |over | 09" 1'1"‘,:‘; o | cec | kv |ecl X« | Ko | Ca | Co
(psi) (F) Spec e e T Ib/in Ib/in Ib-s/in | Ib-s/in
P Heats
65% 302 147 1.380 0.994 | 9.8%E-6| 48 -4,528 1,687 0.9 0.312
A 90% 444 134 1.380 0.994 | 6.42E-6| 48 -11,166] 4,493 2.4 0.609
109% 538 129 1.380 0.994 | 5.44E-6| 48 -17,518| 8.313 4.3 0.825
65% 770 -165 1.340 1.000 | 6.45E-6| 766 -119 3.6 0.03 0.007
B 90% 118 -174 1.340 1.000 | 4.18E-6| 766 -282 10.3 0.05 0.013
109% 160 -174 1.340 1.000 | 3.54E-6| 766 -440 17.9 0.07 0.018
65% 2499 -165 1.320 | 1.080 | 2.38E-5| 766 | -5,185 34 1.0 0.039
Cc 90% 5138 -176 1.320 1.150 | 1.56E-5| 766 | -16,552] 324 2.4 0.790
109% 4866 -174 1.320 1.210 | 4.33E-5| 766 | -19,016] 490 2.4 0.7%4
Note: C.C. is Compressibility Constant, K.V. is Kinematic Viscosity (Ibm/s-ft}, G.C. is Gas
Constant. Tangential Velocity Ratio = 1.0

Tabie 15. Interpropeilant Seal Input/Output:
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4.1.5.2 Turbine Interstage Seals
Clearance | Radius Top th Teeth No. of Hirs” Coeff
Seal (inch) (Inch) Height Pitch Teeth
{inch) (inch) Rotor Stator
M, =-0.2500 M,=-0.1083
1-2 .023 4,54 .130 0.120 4
002 540 0 2 N,= +0.0790 N,= +0.2820
M,=-0.2500 M,=-0.1083
- . 4.54 . 0.12 4
23 0.018 540 0.130 0 N.= +0.0790 N,= +0.2820
Note: Height and Pitch dimensions are average values for two sets of two teeth.

Table 16. Turbine interstage Seals Detail

Input Data Output Data
Power Ratio
Seal | Laver | Delta | Fluid | o™ o | kv, | g, | K | Ko | Ca | Cy
P Spec e o o Ib/in Ib/in | Ib-s/in| lb-s/in

(esi) | B | pooe

65% 107 639 1.397 | 1.051 | 1.12E-5 547.6 156 1.683 1.3 -0.019

1-2 80% 193 915 1.449 | 1.045 | 1.40E-5| 488.0 328 3.220 2.1 -0.031

109% 275 1127 | 1.414 | 1.055 | 1.60E-§ 4575 506 4,692 2.6 -0.041

65% 65 582 1.400 | 1.049 | 1.09E-5 553.5 178 1,848 1.6 -0.024

2-3 80% 123 836 1.470 | 1.039 | 1.36E-5 4940 381 3,530 2.4 -0.040

108% 178 1034 | 1430 | 1.049 | 1.55E-5 463.9 597 5,151 3.1 -0.053

Note: C.C. is Compressibility Constant, K.V. is Kinematic Viscosity (lbm/s-f), G.C. is Gas Constant.
Tangential Velocity Ratio = 0.75

Table 17. Turbine Interstage Seais input/Output
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4.1.5.3 Preburner Impeliler 4-Tooth Labyrinth
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. Tooth Teeth No. Fluid Deita Output Data
(ﬁ::f‘) (F::::;s Height | Pitch of K.V. | Density | POWS" |~ p - p =
v H x
{inch) (inch) Teeth ibm/H3 (psi) ib/in Iblriyn lb-:/in
65% 1075 | 12.280 | 5,270 3.2
0.007 | 3.065 | 0.100 0.140 4 0.90E-4 §6.5 90% 1600 | 17.430| 10.660| 4.3
109% 1850 21,670 | 15,590 53
Note: Teeth dimensions are average values. K.V. is Kinematic Viscosity (lbm/s-ft).
Tangential Velocity Ratio = 0.75
Table 18. Preburner Impeller 4-Tooth Labyrinth Seal
40
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4.1.6 Component Side Loads
These static side loads are from Reference 12. on page 132 with angular applied load and

resultant bearing load orientation illustrated below ( Figure 22 ).

Pratt & Whitney
FR 20730-27

Resultant Static Load

Component Side Load
E°W7l’ PBI MSI Turbine Ball Bearing | Roller Bearing
eve
Load Phase Load Phase Load Phase | Load Phase Load Phase
(1bf) (deg) (1bf) (deg) (1bf) (deg) (1bf) (deg) (1b) (deg)
65% 62 159 290 291 200 270 130 91 325 97
90% 75 142 475 293 260 270 215 105 450 99
109% 125 125 670 296 300 270 275 114 565 100
Note: PBI is Preburner Impelier, MSI is Main Stage Impeller.
Table 19. Component Side Loads
-]
Main
Stage

Roller Brg.
20

Figure 22. Side Load Phase Orientation

270

Turbine

BASELINE RESULTS
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4.1.7 Bearing Radial Dynamic Stiffness

Nominal values for the baseline rotordynamic analyses have been chosen as 0.75E6 Ib/in for
the pump end ball bearing (PEBB) and 3.5E6 Ib/in for the turbine end roller bearing (TERB).
These values were chosen during the preliminary analyses and based on past experience
with similar design bearings, such as the HPFTP ball bearing rig and P&W early turbopump
testing of the XLR129. However, A.B. Jones bearing load-deflection analyses and stiffness
evaluations are provided in the SENSITIVITY SECTION for examination, as discussed in the
METHODS SECTION. Generally, the ball bearing calculations give higher stiffness values
than those chosen for the analyses but are within the range of the parametric values of the
sensitivity analyses. Whereas, the roller bearing calculations give much higher vaiues than
experienced in past roiler bearing design applications. The range of roller bearing and ball
bearing stiffness values for the sensitivity analyses are presented in the SENSITIVITY

SECTION.

Pump End Ball Bearing Dynamic Radial Stiffness = 0.75E6 Ib/in

Turbine End Roller Bearing Dynamic Radial Stiffness = 3.50E6 Ib/in

4.1.8 Bearing Deadbands

Bearing deadband is defined as the operating clearance between the bearing outer race
carrier O.D and the housing bearing support I.D. for the PEBB, and the bearing outer race
0.D. and housing bearing support I.D. for the TERB.? The deadband values presented here
and in the parametric analyses are intended to represent a wide range potential values,
since at the time of this analysis, these fits were still in development. Therefore, the actual
deadbands of certification design are anticipated to be within the range of fits considered,
but will certainly have less range (i.e. tolerances are generally within +/- 0.0005 in.).

Bearing Radial Deadband (Dia.)

PEBB 0.0025 in

TERB 0.0015 in

Table 20. Nominal Bearing Deadbands

1 Deadband for the turbine end bail bearing is significantly greater than the TERB and does not transmit radial
load between the bearing and housing. Hence, TEBB radial boundary conditions are not considered in the
rotordynamic analyses.
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4.2 Rotordynamic Analyses

The following BASELINE results are calculated as discussed in the METHODS section of 3.0.
Nominal design values were used for the Boundary Conditions outlined in the Study Plan
(Appendix A) and documented in section 4.1. These BASELINE analyses include Critical
Speed, Stability and Forced Response (linear and nonlinear). Some of the resuits are
summarized for the two turbopump planes derived from the asymmetric mount housing
stiffness characteristics. The orientation of the coordinate system for this report is illustrated

in Figure 23.

o

PUMP INLET
I 1
X-2
"::Eb\ PLANE
0 b :> } s 270
PUMP
DISCHARGE

¥-Z
PLANE

Figure 23. Pump Coordinate Orientation:
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4.2.1 Critical Speed

Critical speeds are summarized in Table 21 with normalized system mode shapes in
Figure 24 on page 45 and Figure 25 on page 46 for baseline input parameters. These modes
represent the lateral housing and rotor resonances in the X-Z and Y-Z pianes as a result of
the housing mount asymmetry. For more detailed information, a complete set of forward and
backward whirl modes are illustrated in the whirl frequency map in Figure 26 on page 47 and
Figure 27 on page 48 for the X-Z and Y-Z planes respectively. Mode shapes for seiected
speeds from these maps are included in Appendix E ( Figure 82 on page 178 thru
Figure 153 on page 213 ).

Subcritical operation is predicted with all rotor modes above the maximum goperating speed
range.

Critical Speed
Mode Description
X-Z Plane Y-Z Plane
1 Housing Bounce 8.000 RPM 7,000 RPM
] (150 Hz) (115 Hz)
2 Housing Pitch 20.000 RPM 16,500 RPM
S {335 H2) (275Hz)
3 Rotor Pump Bounce 29,000 RPM 31,000 RPM
P (480 Hz) (515 Hz)
37.000 RPM 37.000 RPM
4 Rotor Turbine Bounc
otor Turbi e (615 Hz) 515 H2)
> 40,000 RFM > 40,000 RPM
5 Housing 1st Bendin
ousing 1st Bending (> 665 Hz) (> 565 Hz)
6 Rotor 1st Bendin > 40,000 RPM > 40,000 RPM
s (> 665 Hz) (> 665 Hz)
Tabie 21. Nominal Criticali Speed Resuits
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Figure 26. Whirl Frequency Map (X-Z Plane)
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Figure 27. Whirl Frequency Map (Y-Z Plane)

BASELINE RESULTS 48



4.2.2 Stability
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Stability results for 109% RPL and onset speed of instability (OSl) are summarized in
Table 22 on page 49. Maps of LOG-DEC vs speed are illustrated in Figure 28 on page 30.
Stable operation is predicted with Onset Speed of Stability (0S!) beyond the maximum speed
search of 39,000 RPM.

Mode Stability
No. Description @L%S;/?ERCPL os!
1 Housing Bounce 0.18 > 40.000 RPM
2 Housing Pitch 0.20 > 40,000 RPM
3 Rotor Pump Bounce 0.24 > 40,000 RPM
4 Rotor Turbine Bounce 0.24 > 40,000 RPM
5 Housing 1st Bending 0.17 > 40,000 RPM
6 Rotor 1st Bending 1.64 > 40,000 RPM
Tabie 22. Nominal Stability Resuits
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4.2.3 Forced Response

The BASELINE boundary conditions documented in section 4.1 have been used for the
BASELINE FORCED RESPONSE ANALYSES of this section. All the boundary conditions are
used as discussed in the METHODS section of 2.2. The analyses include a linear analysis
for initial review and correlation of modal characteristics with the Critical Speed Analysis of
section 4.2.1, and a linear speed transient analysis for correlating model accuracy of the
nonlinear analysis. The nonlinear inputs are then added for calculation of complex time
transient conditions in addition to Steady State Time Transient Analysis. Results are
summarized for 109% RPL in Tabie 25 on page 89 from the response plots. An outline of this
analysis is presented below.

1. Linear Forced Response
a. Bearing Loads
b. Rotor-to-Housing Deflections
c. Housing Accelerations
2. Transient Forced Response
a. Linear Speed Transient (no deadband or side load)
1) Bearing Loads
2) Rotor-to-Housing Deflections
3) Housing Accelerations
b. Nonlinear Speed Transient
1) Speed Set “"A” (10-27 KRPM)
a) Bearing Loads
b) Rotor-to-Housing Deflections
c) Housing Accelerations
2) Speed Set “B” (27-39 KRPM)
a) Bearing Loads
b) Rotor-to-Housing Deflections
c) Housing Accelerations
c. Nonlinear Time Transient (S.S. Speed)
1) Bearing Loads

2) Rotor-to-Housing Deflections
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3) Housing Accelerations
4)  Whirl Orbit Deflection

5) Spectrum Analysis (FFT's)
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4.2.3.1 Linear Analysis

Linear analysis results are valid only at the rotational speed analyzed. To simulate a speed
transient, multiple speed points are analyzed and the results are plotted versus speed
(spline fitted). Roughly 100 speed points were analyzed in this analysis. Plots for the linear
forced response analysis are illustrated in Figure 29 on page 54 for correlation to the
transient model. These results are used only for comparison of frequency and amplitude
correlation of system modes. These results show modal responses at the Pump Flange
Acceleration plot. Modes 1-4 have peak response at speeds that agree with critical speed
resuits. The asymmetry of the housing modes can aiso be seen at speeds of 17-21 KRPM
(Mode 2). These results show good correlation of resonant frequencies for use in the

transient analyses.
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4.2.3.2 Transient Analysis

The following analyses include speed and time transient linear and nonlinear forced
response. The linear case (no side loads or bearing deadband) is presented for correlation
to the prior linear stability model of section 4.2.3.1.
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Linear Speed Transient Analysis: Plots for speed transient linear forced response analysis
(no side load or bearing deadband) are iliustrated in Figure 30 on page 57 and show good
correlation to the linear model results of Figure 29 on page 54. A summary of pump flange
peak response can be seen at the speeds and amplitudes as illustrated in Figure 30 on page
87 for modes 1-4, for two speed sets, 10-27 KRPM and 27-39 KRPM. Additional plots are

included in Appendix F.
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Nonlinear Speed Transient Analysis Plots for speed transient nonlinear forced response

analysis are illustrated in Figure 31 on page 59 thru Figure 44 on page 72. These data

include bearing deadbands and static side load as the nonlinear inputs. Generally,

amplitudes vary little from the linear analysis as a result of the subcritical operation. A

reduction of the first rotor mode (Pump Bounce) can be seen in the response, from

approximately 31,500 RPM to 30,000 RPM. Likewise, the 2nd rotor mode (Turbine Bounce) is
reduced from approximately 39,000 RPM to 35,500 RPM.
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Figure 40. Speed Transient Nonlinear Forced Response Plots:
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Steady State Time Transient Analysis: Plots for steady state time transient forced response
analysis are made for calculation of whirl orbits and FFT’s and are included in Appendix G.

~ Rotor internal loads (shear and moment) have been calculated at 109% RPL for
documentation of shaft dynamic loads and are iilustrated in Figure 45 on page 74 with shear
and moment diagrams vs axial length.

Plots of steady state time transient response are included in Figure 46 on page 75 thru
Figure 52 on page 81 for 109% RPL.

Plots of whirl orbits are illustrated in Figure 53 on page 82 thru Figure 54 on page 83.

Plots of FFT’s are illustrated in Figure 55 on page 84 thru Figure 57 on page 86.
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Linear and nonlinear rotordynamic analyses of the baseline input parameters show low,
stable dynamic response for accelerations. rotor deflections and loads. All fundamental rotor
bending modes are tuned out of the operating range, with approximately a 2X margin. The
first bending mode is predicted at 900 Hz (1E is equal to 420 Hz at 115% RPL). The two rigid
body modes, Pump Bounce and Turbine Bounce, occur at approximately 500 Hz and 615 Hz
respectively and provide 20% speed margin for subcritical operation. Two sets of low energy
rigid body housing modes are predicted at 115/150 Hz and 275/335 Hz with the turbopump
housing mount stiffness providing the asymmetric resonance. Housing bending modes are
predicted well above the operating speed range with the 1st bending mode occurring at

approximately 665 Hz.

Critical Speed Resuits - Nominal
Critical Speed
Mode Description
X-Z Plane Y-Z Plane
} 9,000 RPM 7,000 RPM
1 Housing Bounce (150 Hz) (115 Hz)
i . 20,000 RPM 16,500 RPM
2 Housing Pitch (335 Hz) (275H2)
3 Rotor Pump Bounce 29(338 :ZF;M 31(’3?_2 p-{R;SM
4 Rotor Turbine Bounce 37(3?5? ,TZF;M 37(??50 SZP)M
. , > 40,000 RPM > 40,000 RPM
5 Housing 1st Bending (> 665 Hz) (> 665 Hz)
) > 40,000 RPM > 40,000 RPM
6 Rotor 1st Bending (> 665 Hz) (> 665 Hz)
Table 23. Critical Speed Summary
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Stable operation is predicted with Onset Speed of Instability (OS!) above 40,000 RPM for all
modes. The rotor modes have LOG-DEC values of 0.24 or greater at 109% RPL.

Stability Results - Nominal
Mode LOG-DEC osi
No. Description @ 108% RPL
1 Housing Bounce 0.18 > 40,000 RPM
2 Housing Pitch 0.20 > 40,000 RPM
3 Rotor Pump Bounce 0.24 > 40,000 RPM
4 Rotor Turbine Bounce 0.24 > 40,000 RPM
5 Housing 1st Bending 0.17 > 40,000 RPM
6 Rotor 1st Bending 1.64 > 40,000 RPM
Table 24. Stability Summary
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Forced response results are summarized below for FPL nominal conditions.
conditions are representative of nominal conditions for all input parameters such as
clearances, pressures, loads, etc. Both, linear and nonlinear response show subcritical

stable operation. Accelerations, deflections and loads are all within design tolerances.

These

Nonlinear Forced Response Resuits - Nominal

$.S. Nonlinear Forced Response

Station Power Level
65% RPL 4G’s
Pump Flange Housing Response
109% RPL 5G’s
65% RPL 1G’s
Turbine Flange Housing Response
109% RPL 28 G’s
65% RPL 1.2 mils
PBI Deflection
109% RPL 0.7 mils
65% RPL 1.5 mils
MSI Deflection
109% RPL 2.6 mils
65% RPL 1.3 mils
Damper Seal Defl
109% RPL 1.0 miis
65% RPL 1.1 mils
P Seal Deflection
109% RPL 1.9 mils
6§5% RPL 0.9 mils
Turbine CG Defiection
109% RPL 0.9 mils
65% RPL 190 Ibf
PEBB Load
109% RPL 300 Ibf
65% RPL 620 Ibf
TERB Load
109% RPL 1300 ibf

Note: Bearing loads are peak composite; Static and Dynamic.

Table 25. Steady State Nonlinear Forced Response Summary
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5.0 SENSITIVITY RESULTS
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5.1 Boundary Conditions

The following Sensitivity results are calculated as discussed in the METHQODS section of 3.0
for use in the ROTORDYNAMIC SENSITIVITY ANALYSES. Selected input parameters were
used for variation, based on MSFC/P&W discussion, and are documented in Appendix A. The
majority of the input variation values reflect the operating tolerances to represent expected
actual conditions where applicable, such as seal clearances and pressures. Other boundary
conditions were varied by a fix percentage for sensitivity variation only, such as
aeromechanical forces (Beta), static side loads, etc.

Those boundary conditions that have multiple input parameter variations (damper seal,
turbine interstage labyrinth seals, etc) and were analyzed with Taguchi Methods, have
outputs presented in congruent sets (i.e. Min/Nom/Max stiffness, damping and inertia terms
are a result of a single set of input parameters respectively). A single output parameter is
used to label Min/Nom/Max properties. In the case of the damper seal, direct damping was
chosen. Thus, the summary tables may list maximum values for direct damping (Cxx) but
have minimum values for other parameters (Kxx, Kxy, etc.). This is intended to represent
actual trends in hardware configuration. For example, if a given clearance were to produce
maximum direct damping and minimum direct stiffness, this set of output parameters are
used of a quoted “maximum damper seal configuration” in the rotordynamic analyses. |t
would represent damper seai parameters for a single clearance (i.e. MAXIMUM damping and
MAXIMUM stiffness would not be predicted for a maximum clearance value).
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5.1.1 Aeromechanical Force Coefficients

Cross Coupled Stiffness (K,) is calculated from the model illustrated in equation 1.0 of
Section 2.1.1. for each of the three turbine stages. The results of each stage are summed as
a single parameter and applied at the Turbine CG. These results have been varied by the
nondimensional value of BETA (see METHODS SECTION). The values used for BETA are
0.6/1.0/1.5 for Min/Nom/Max conditions. These values reflect the empirical range of P&W and
Rocketdyne experience. Results summarized below are the total turbine force coefficient for
65%, 90% and 109% RPL. Plots of Aeromechanical Force Coefficients vs Speed are provided

in Figure 58 on page 93.

Level Beta g::ve:r Kxy
Level (tb/In)
65% 2,725
Min 0.6 90% 4,500
109% 6,075
65% 4,525
Nom 1.0 90% 7,525
109% 10,175
65% 6,825
Max 1.5 90% 11,250
109% 15,200

Table 26. Aeromechanical Force Coefficient Sensitivity

SENSITIVITY RESULTS 92



Pratt & Whitney

Figure 58. Aeromechanical Force Coefficiants vs Speed
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5.1.2 Hydromechanical Force Coefficients

Stiffness, damping and inertia terms are calculated from the model illustrated in equation 2.0
of Section 2.1.2. for the preburner and main stage impelier. The results of each impeller
have been varied by +/- 25% but holding the cross coupled stiffness constant so that the
whirl ratio (Kxy/Cxx) would vary in the parametric evaluation of Hydromechanical
coefficients. Results summarized below are for 65%, 90% and 109% RPL. Ptops of
Hydromechanical Force Coefficients vs Speed are provided in Figure 59 on page 95 for the
Preburner Stage Impeller (PB!) and Figure 60 on page 96 for the Main Stage Impeller (MSI).

Whirl Rated Dynamic Coefficients

Level | Ratio | FOwer Kox Ky Cor c., M., M.,
Ib/in ib/in Ib-s/in 1b-s/in Ib-s?/in {b-s?/in

‘ 65% -3,348 2,694 3.70 5.8 0.002 0.0003
(-gA5|°r}0) 0.25 90% -5,277 4,247 4.70 7.3 0.002 | 0.0003
109% -6,949 5,592 5.40 8.3 0.002 0.0003
65% -4,464 2,694 3.00 77 0.003 0.0004
Nom 0.50 90% -7,036 4,247 3.80 9.7 0.003 0.0004
109% -9,265 5,592 4.30 11.1 0.003 0.0004

65% -5,580 2,694 2.30 9.6 0.004 0.0005

( +""2%’,‘,/° y| o7 30% -8,795 4,247 2.80 12.1 0.004 0.0005
109% | -11,582 5,592 3.30 13.9 0.004 0.0005

Table 27. PBI Hydromechanical Force Coefficient Sensitivity
Whirl Rated Dynamic Coefficients

Level | Ratio | FOWwer Ko K., Cor c, M., M.,
Iblin Ib/in Ib-s/in | Ib-sfin | Ib-s2/in | Ib-s?/in

. 65% -26,507 | 21,332 29.50 45.9 0.020 0.002
(_2’15'30) 0.25 90% 41,782 | 33625 37.10 57.6 0.020 0.002
109% | -55,020 | 44,278 42.50 66.1 0.020 0.002

65% -35,343 | 21,332 23.90 61.1 0.020 0.002

Nom 0.50 90% 55,710 | 33,625 30.00 76.8 0.020 0.002
109% | -73,360 | 44,278 34.40 88.1 0.020 0.002

65% 44,178 | 21332 17.90 76.4 0.030 0.004

( +“"2"5’§A) )| 05 90% | -69,637 | 33,625 22.50 95.9 0.030 0.004
109% | -91,699 | 44,278 25.84 110.1 0.030 0.004

Table 28. MS| Hydromechanical Force Coefficient Sensitivity
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5.1.3 Damper Seal Coefficients

PARAMETRIC ANALYSIS of the preburner impeller damper seal include variations in
pressure, clearance, clearance taper, and inlet tangential velocity ratio, as outlined in the
study plan of Appendix A. Taguchi statistical methods were used to calculate input
parameter sensitivities and establish a response table for use in identifying the combination
of input that would yield minimum and maximum outputs.

The input variations are tabulated below and were used in a Taguchi L9 array. The output
from the array are included in Appendix G. From the array, the sensitivities results can be
found and are presented in Figure 61 on page 98 The combination of input parameter levels
are then calculated from the array and used for confirmation runs with the damper seal
analysis. The results from this “Paper Champ” are the MINIMUM and MAXIMUM damper seal
output conditions. These results are tabulated in Table 30 on page 98 and plotted vs speed
in Figure 62 on page 99

Rated Average | Clearance Delta
Power Level Clearance Taper Pressure TVR
Level (inch) (rad) (psi)
1 0.0058 0.0023 1,300 0.1
85% 2 0.0068 0.0038 1,500 0.3
3 0.0078 0.0053 1,700 0.5
1 0.0053 0.0023 2,700 0.1
90% 2 0.0063 0.0038 2,900 0.3
3 0.0073 0.0053 3,100 0.5
1 0.0048 0.0023 4,200 0.1
109% 2 0.0058 0.0038 4,400 0.3
3 0.0068 0.0053 4,600 0.5
Note: TVR = Inlet Tangential Velocity Ratio.

Table 29. Damper Seal Input Variation Levels:
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Figure 61. Damper Seal Coefficient Sensitivity
Input Data Output Data
Rated
| el | R press | - o | 1o bain | tooain lboeTin
(psi) Inlet Exit
65% 0.1 | 1300 { 0.0085 | 0.0070 141E3 7€3 43 1.10 0.63
Min 90% 0.1 | 2700 | 0.0080 | 0.0065 250E3 14€3 67 1.43 0.67
109% | 0.4 | 4200 | 0.0075 | 0.0060 | 419E3 22E3 90 1.75 0.72
65% 0.3 | 1500 | 0.0080 | 0.0055 170E3 26E3 55 1.83 0.75
Nom 90% 0.3 | 2900 | 0.0075 | 0.0050 | 363E3 50E3 83 2.46 0.81
109% | 0.3 | 4400 | 0.0070 | 0.0045 610E3 77€3 112 3.07 0.89
65% 0.5 { 1700 | 0.0075 | 0.0040 | 280E3 54E3 72 3.38 0.97
Max 90% 0.5 | 3100 | 0.0070 | 0.0035 580E3 99E3 107 4.75 1.09
109% | 0.5 | 4600 | 0.0085 | 0.0050 | 988E3 153E3 146 6.20 1.25
Note: Level is based on Direct Damping (Cxx).
Table 30. Damper Seal Coefficient Sensitivity:
98

SENSITIVITY RESULTS



Pratt & Whitney
FR 20730-27

] @ _ . [
<« <
i o o
: M~ W My~
< Lap] el o = : ; - =
- , o o - e o
: . s 4 : -~ o
TS ' x <
i : T+ ~— ~—
\)O\ Nl
1o =
N\ ~N o o~N oo
Ny a a
.....; .A, m [7a]
; SATS
= e —
B \\:\\ S S
e \B= o (=]
= T — —
5 -
(@]
L —
o .
L L
e - B : :
] ﬂo i e
00¢ 007 001l ] Gl
o (ui/s—-q ) Xx2
=
<
=z
o (=]
> : -
a < - <
2 -
Ty i
Vnnnm )

282 - - S
m . N
ot ; = ‘ : Z
(o I TIVINV ~ & i - @
= — 1 X x

N
Qmmm ~ FE—- -

it R © : . ©

:D: . o Q o QL

—_— ~N o —_— N v

<< a a

>>> ) w wn

—_=Z

§<:> -\ E 5

SZ= =) p R =

EZX = ox " - - o

=0« — — i - - 4 -

=z= I

& & & - . o e P, . J

by 1 TR AN DR SRS SR S IR

[o]lele] I R I AU . SR U M

PN Y-V St A SN IR RERAE A

T 3 2" 000z 000 Q2

00¥ 00¢ 0 L 0

oage (u1/q1 €3) AxM (ut/qr €3) xx

Figure 62. Damper Seal Coefficients vs Speed
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5.1.4 Turbine Interstage Seals

PARAMETRIC ANALYSIS of the turbine 1-2 and 2-3 interstage labyrinth seals include
variations in pressure, clearance, gas temperature, and inlet tangential velocity ratio, as
outlined in the study plan of Appendix A. Taguchi statistical methods were used to calculate
input parameter sensitivities and establish a response table for use in identifying the
combination of inputs that would yield minimum and maximum outputs.

The outputs are presented in similar arrangement as the damper seal parametric analysis.

The input variations are tabulated below and were used in a Taguchi L9 array. The output
from the array are included in Appendix H. From the array, the sensitivities results can be
found and are presented in Figure 63 on page 101 and Figure 64 on page 102. The
combination of input parameter levels are then calculated from the array and used for
confirmation runs with the damper seal analysis. The results from this “Paper Champ” are
the MINIMUM and MAXIMUM damper seal output conditions. These resulits are tabulated in
Table 32 on page 101 and Table 33 on page 102 and plotted vs speed in Figure 65 on page
103 and Figure 66 on page 104

Rated Average Fiuid Delta
Seal PLower Level Clearance Temp (F) Pressure TVR

evel (inch) (psi)
1 0.0190 575 g5 0.5
65% 2 0.0230 639 107 0.75
3 0.0270 703 119 1.00
1 0.0190 823 187 0.5
1-2 90% 2 0.0230 915 193 0.75
3 0.0270 1,007 201 1.00
1 0.0190 1,014 245 05
109% 2 0.0230 1,127 275 0.75
3 0.0270 1,240 307 1.00
1 0.0120 523 58 0.5
65% 2 0.0160 582 65 0.75
3 0.0200 640 72 1.00
1 0.0120 750 111 05
2-3 90% 2 0.0160 834 123 0.75
3 0.0200 917 136 1.00
1 0.0120 930 160 0.5
109% 2 0.0160 1,034 178 0.75
3 0.0200 1,138 197 1.00

Note: TVR =!nlet Tangential Velocity Ratio.

Table 31.

Turbine Interstage Seal input Variation Levels
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63. 1-2 Turbine Interstage Seai Coefficient Sensitivity

DELTA PRESSURE

Rated input Data Output Data
Lovel | Hovel | Cloaraues i::::d prossure| TVR | K= Ky Crr Cry
et TP | Ploah Ib/in Ibfin | Ib-sfin | Ib-sfin
65% | 0.0190 575 95 0.50 75 894 110 | -0.011
Min | 90% | 0.0190 823 187 | 050 | 175 1.802 177 | 0019
108% | 00190 | 1014 | 245 | 050 | 264 2,537 218 | -0.024
65% | 0.0230 639 107 | 075 | 156 1.683 134 | -0.019
Nom | 90% | 00230 915 193 | 075 | 328 3.220 206 | -0.031
109% | 00230 | 1427 | 275 | 075 | 506 4,692 263 | -0.041
85% | 0.0270 703 119 | 100 | 269 2.781 168 | -0.029
Max | 90% | 00270 | 1007 | 201 | 100 | 528 5.081 251 | -0.046
108% | 00270 | 1240 | 307 | 100 | 851 7.710 332 | -0.065

Note: Levei is based on Direct Damping (Cxx).

Table 32.

SENSITIVITY RESULTS
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Figure 64. 2-3 Turbine Interstage Seai Caoefficient Sensitivity
Rated Input Data Output Data
Level | Power | Average Fluid Delta K K c c
Level | Clearance | Temp | Pressure| TVR ol hid - i/
(inch) (F) (psi) Ib/in ib/in ib-s/in Ib-s/in
65% 0.0120 523 58 0.50 86 955 1.18 -0.013
Min 90% 0.0120 834 11 0.50 191 1,858 1.85 -0.022
109% 0.0120 930 160 0.50 304 2,714 2.36 -0.029
65% 0.0160 582 65 0.75 179 1,848 1.57 -0.024
Nom 890% 0.0160 836 836 0.75 381 3,530 2.40 -0.040
109% 0.0160 1,034 1,034 0.75 597 5,151 3.05 -0.053
85% 0.0200 640 72 1.00 321 3,237 2.19 -0.042
Max 80% 0.0200 917 136 1.00 686 6,178 3.35 -0.070
109% 0.0200 1,138 197 1.00 1,075 8,991 4.26 -0.095
Note: Level is based on Direct Damping (Cxx).

Table 33. Turbine Interstage Seal Coefficient Sansitivity:
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Static side loads have been calibrated to main stage impeller and turbine flow rigs
( Reference 12. on page 132 ). These loads are used in the nonlinear forced response
analysis and are applied at each component stage (preburner impeller, main impeller and
turbine) center of gravity (C.G.). Phase of each component is also provided from the
Hydromechanical and Aeromechanical Component Design Groups. Loads, phase, and
resultant bearing reaction loads are tabulated in Table 34. Variations were made in each

component load of +/- 25% of the baseline values.

Rated Component Slde Load (Ib) Resuitant Bearing Load (Ib)
tevel | ovel PBI MS! Turbine et : Boaring
65% 47 218 150 98 242
Min 90% 56 356 195 161 339
109% 94 503 225 204 423
65% 62 290 200 130 322
Nom 90% 75 475 260 215 452
109% 125 670 300 272 564
65% 78 363 250 163 403
Max 90% 94 594 325 269 565
109% 156 838 375 340 705
Note: PBI is Preburner Impeller, MSI is Main Stage Impeller.

Table 34.

SENSITIVITY RESULTS

Component Side Loads - Sensitivity
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5.1.6 Bearing Radial Dynamic Stiffness

Dynamic radial bearing springrates used in the sensitivity analyses are include in the tabie
below. These are values chosen for purposes of study and are not intended to represent
actual operational ranges. However, bearing load deflection analyses. as presented in the
METHODS section are included in Figure 68 on page 108 thru Figure 69 on page 109 for ball
bearing and roller bearing stiffness. Analyses represent radial stiffness vs axial load for a
set of axial preloads. Internal Radial Clearance (IRC) is varied for operational minimum and
maximum values. Generally, the PEBB calculations are representative of actual values
(predicted actual range is 0.82-1.10E6 Ib/in) based on ATD bearing rig experience ( 11. on
page 131 ). However, the roller bearing, as can be seen in Figure 69 on page 109, does not
correlate. Thus, typical roller bearing values were used hased on empirical data (see

METHODS SECTION).

Bearing Radial Dynamic Springrate

Level PEBB (Ib/in) TERB (Ib/in)
Min 0.50E6 2.50E6
Nom 0.75E6 3.50E6
Max 1.00E6 4.50€E6

Note: Turbine-End bumper bearing transmits no
radial rotor loads as a result of the outer race radial
clearance.

Table 35. Bearing Springrates - Sensitivity
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Bearing deadband clearances used in the sensitivity analyses are presented in the table
below. These are values chosen for purposes of study and are not intended to represent
actual operational ranges. Actual clearances were being developed during the time of this
analysis, but are expected to be within these ranges, with the exception of smaller

tolerances (operational tolerances are expected to be approximately +/- 0.0005 in).

Bearing Deadbands (Dia.)

Level PEBB (inch) TERB (inch)
Min 0.0010 0.0010
Nom 0.0025 0.0015
Max 0.0040 0.0020

Note: Deadbands are diametral dimensions.

Table 36.

Bearing Deadbands

5.1.8 Structural Damping

5.1.9 Rotor Imbalance

Structural Damping
Critical Damping
Level (%)
Min 0.5
Nom 3.0
Max 6.0

Table 37. Structural Damping

The rotor imbalance distribution discussed in Section 2.1.8 has been used in the Sensitivity Analysis
with phase change between the turbine and pump subassembly sections. Forced Response analyses
were preformed using the Taguchi Methods for In-Phase and Out-of-Phase rotor imbalance with no

alterations in the imbalance magnitudes.

SENSITIVITY RESULTS
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5.2 Rotordynamic Analyses

Predicting the rotordynamic behavior of the HPOTP is best described through sensitivity
studies on the variable rotordynamic component parameters. Each parameter has a different
affect on how the turbopump responds during its operation. Likewise, each different
combination of the levels of these parameters will change the behavior of the turbopump in
a different way. Obviously, the number of different combinations of rotordynamic parameter
levels for a turbopump can be enormous. For example, if there are nine parameters and
each could be in one of two different states at any time, the number of independent
combinations of these parameters and states is 2° or 512. Making 512 different analytical runs
for a rotordynamic sensitivity study would be very time consuming. Therefore, implementing
a statistical method for a study of this sort would prove cost-effective as will ensure
robustness.

In the case of the HPOTP, linear and nonlinear rotordynamic parameter sensitivity studies
were completed using ‘Design of Experiments Methods’ or Taguchi design optimization
technique. This statistical method is based on an orthogonal (balanced) array compiled and
customized with an assignment of variables by Dr. Taguchi. A simple example of the
Taguchi design optimization method is shown in Appendix B.

The sensitivity studies for both linear and nonlinear rotordynamic analyses on the HPOTP
are summarized in the following two subsections. Plots of each parametric nonlinear forced
response analysis from which the summaries were taken, are included in Appendix I.

5.2.1 Linear Analysis Sensitivity Study

Critical speeds of the HPOTP are largely dependent on the pump end and turbine end rotor
supports. The pump end support is a split contribution from the PEBB and damper seal direct
stiffness, and the turbine end support is dependent on the TERB direct stiffness. Further, the
rotor supports are major contributors to the principal rotor Pump Bounce Mode and Turbine
Bounce Mode. Sensitivity plots ( Figure 70 on page 112 thru Figure 73 on page 115 ) of the
first six (6) system modes are presented for variations in pump end and turbine end support
stiffness. These results are intended as a guide to parameter sensitivity for the nonlinear

analyses.

The critical speed plots show the Pump Bounce Mode is sensitive to pump end rotor support
stiffness and Turbine Bounce Mode sensitivity to turbine end rotor support stiffness.
Likewise, the Pump Bounce Mode is not sensitivity to turbine end rotor support stiffness and
the Turbine Bounce Mode is not sensitive to pump end rotor support stiffness. The only other
system mode sensitivity to rotor support stiffness can be seen in the Housing Bending Mode
at approximately 45 KRPM, to both pump end and turbine end rotor support stiffness.
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In the linear stability sensitivity study, the statistical Taguchi approach was implemented for
seven parameters each having two levels. The parameters studied were damper seal
forces, turbine seal forces, turbine blade forces, impeller forces, ball bearing springrate,
roller bearing springrate and structural damping. The two levels for each of these
parameters are contained in Table 38 on page 117. An orthogonal array Ls was used to
define eight test cases for this study (Appendix G). The parameter sensitivity Figure 74
shows which parameters affect the logarithmic decrement of the rotor modes the greatest.
For instance, the stability of the rotor pump mode is most sensitive to the impeller forces
and least sensitive to the turbine labyrinth seal forces. Likewise, the stability of the 1st rotor
bending mode is most sensitive to the damper seal forces and least sensitive to the
structural housing damping. Figure 74 is a plot of the differences between the output
averages for each parameter level, taken from the Taguchi response table (Appendix H).
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§0.3 PUMP MODE
& SR TURBINE MODE
Bl ROTOR BENDING
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g MOOE
§
[77]
= rever .
% [} PN AT BB - R R R
DAMPER TURBINE TURBINE IMPELLER BALLBRG. ROLLER BRG.STRUCTURAL
SEAL SEAL BLADE FORCES SPRINGRATE SPRINGRATE DAMPING
FORCES FORCES FORCE
N ®) - © o (15) ] (G)

Figure 74. Stability Analysis Parameter Sensitivity Resuits

Contained in Table 39 on page 117 are the minimum and maximum stability parameter level
combinations for each mode. These combinations were established through the paper
champ experiment and the LOG-DEC values were taken at 109% (24,230 RPM). The table
shows that the minimum predicted stability condition for the pump mode has a LOG-DEC
value of 0.027 and an OS! of 29 KRPM. This was the only combination of parameter levels
to give an OSI below 39 KRPM for any of the three rotor modes. In addition, both the turbine
mode and 1st rotor bending mode demonstrated stable characteristics for their minimum

stability combinations.
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Stabliity Analysis Parameter Values at 109% RPL
\ (o C M M

Parameter Level Kpx Ibfin | K,y Iblin Ib-:;in Ib-:ylin ib-s?fin Ib-sZIn Zeta
A) Damper 1 4.19E6 2.2E4 9.0E1 1.75 7.2E-1 . -
Seal 2 9.88E6 1.53E5 1.46E2 6.2 1.25 - -
B) Tu'rbine‘ 1 56822 5251E3 454 '53E'2 - - -
Laby Seals 2 1.926E3 1.67E3 7.58 -1.6E-1 - - -
C) Turbine 1 - 6.075E3 - - - - -
Blade Forces 2 R 1.52E4 i . R . R
D) Impeller 1 .5.5E4 4.428E4 4.25E1 6.61E1 2.0E-2 2.0E-3 .
Forces' 2 -9.17E4 4.428E4 2.58E1 1.101E1 3.0E-2 4.0E-3 -
E) Ball 1 5.0E5 . - - - ) .
Bearing 2 1.0E6 - - - . - .

F) Roller 1 2.5E6 - - - . . .
Bearing 2 4.5E6 - - - . . .
G) Structural 1 - - - - - - 5.0E-3

Damping 2 - - - - - - 6.0E-2
Note: 1) Parameter values listed for main stage impeller only. However, both main stage
and preburner impellers were changed together.

Table 38. Stability Analysis Parameter Levels

Stability Combinations at 108% RPL
Mode State Combination Log-dec (OSI)
Min A2 B2 c2 D2 E2 F1 G1 0.027 (29 KRPM)
Pump Mode

Max Al B1 Ct D1 E1 F2 G2 | 0.515 (> 39 KRPM)

Mi 1 F 1 107 (> 39 KRP
Turbine Mode in A2 B1 c2 D2 E 2 G 0.107 (> 39 KRPM)
Max Al B2 c2 D1 E1 F2 G2 0.285 (> 39 KRPM)
1st Rotor Min A1 B2 c2 D2 E2 F1 G1 1.440 (> 39 KRPM)
Bending Mode Max A2 B1 Ct D1 E1 F2 G2 1.800 (> 39 KRPM)

Table 39. Stability Analysis Paper Champs

To summarize, based on the linear analytical study of seven rotordynamic parameters for the
HPOTP, Figure 74 on page 116 shows which of these seven parameters has the biggest
affect on the rotor stability (e.g. increasing the stability of the pump mode can be
accomplished largely with the decrease in impeller forces). Also, the minimum stability
condition of the parameters still demonstrates stable rotordynamic behavior.
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5.2.2 Nonlinear Analysis Sensitivity Study

In the nonlinear forced response sensitivity study, nine parameters were varied using two
levels. The nine parameters were damper seal forces, turbine labyrinth seal forces, impeller
forces, ball bearing springrate, roller bearing springrate, structural damping, ball bearing
deadband, roller bearing deadband and static side loads. The two levels for each of these
parameters can be found in Table 40 on page 119. An orthogonal array L., was used from
the Taguchi statistical design optimization technique (Appendix H). This array established
twelve test cases for the sensitivity study. The results are shown in Figure 75 for two
separate cases, turbine imbalance in-phase with the pump imbalance and turbine imbalance
180 degrees out-of-phase with the pump imbalance. It can be seen from this figure that for
an in-phase turbine imbalance the pump housing response at 109% RPL (24,230 RPM) is
most sensitive to impeller forces and structural damping where as it is least sensitive to ball
bearing deadband. For an out-of-phase turbine imbalance case the static side loads are the
most sensitive parameter and the roller bearing springrate is least sensitive. Figure 75 is
a plot of the differences between the output averages for each parameter level, taken from

the Taguchi response table (Appendix H).
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Figure 75. Nonlinear Analysis Pump HSG Response Sensitivity Resuits
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Nonlinear Analysis Parameter Values at 109% RPL
Parameter Level K~ Ibfin Ky Ibfin Cyx Ib-s/in Zeta Clearance Side Load
A) Damper 1 4.19E6 2.2E4 9.0€1 - R .
Seal 2 9.88E6 1.53E5 1.46E2 - - -
B) Turbine 1 5.68E2 5.251E3 4.54 - - -
Laby Seals 2 1.926E3 1.67E3 7.58 - - -
C) Impeller 1 -5.5E4 4.428E4 4.25E1 - - -
Forces' 2 -9.17E4 4.428E4 2.58E1 - . -
D) Ball 1 5.0E5 - - - - -
Bearing 2 1.0E6 - - . - -
E) Roller 1 2.5E6 - - - - -
Bearing 2 4.5E6 - - . - -
F) Structural 1 . - - 5.0E-3 - -
Damping 2 - . - 6.0E-2 - -
G) Ball 1 - - - . 5.0E-4 -
Bearing
deadband 2 - - - - 2.0E-3 -
H) Roller 1 - - - - 5.0E-4 -
Bearing
Deadband 2 - - - - 1.0E-3 -
) Static Side 1 - - - - - 2.203E2
Loads? 2 . . . . . 3.671E2
Note: 1) Parameter values listed for main stage impeller only. However, both main stage
and preburner impellers were changed together. 2) Main stage impeller (X-Dir.) side load
listed only. However, turbine and preburner impeller side loads were changed
accordingly.

Table 40. Nonlinear Analysis Parameter Levels

Pump Hsg. Response Conditions at 109 % RPL

Turbine Imbalance State Combination Gs Peak
Min Al B1 C1 D2 E1l F2 G2 H1 12 2.4
In-Phase With Pump
Max A2 B2 c2 D1 E2 Fi1 G1 H2 " 9.0
Out-of-Phase With Min At B2 c2 D2 E1 F2 G2 H1 12 3.0

Pump Max | A2 | Bt c2 | b2 | E2 F1 G2 | H2 " 11.5

Table 41. Nonlinear Analysis Paper Champs

Table 41 shows the minimum and maximum pump housing response combinations of
parameter levels. For an in-phase turbine imbalance the pump housing response at 109%
RPL (24,230 RPM) could be as low as 2.4 G’s and as high as 9.0 G’'s peak. Likewise, for an
out-of-phase turbine imbalance, the pump housing response could be as low as 3.0 G’s and
as high as 11.5 G’s. These minimum and maximum pump housing responses represent the
best and worst case response of the pump housing at 109% RPL.
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In summary, Figure 75 on page 118 can be used as a guide to the sensitivity of each nine
rotordynamic parameters as they affect the pump housing response of the HPOTP (e.g. the
pump housing response is most sensitive to the amount of structural damping in the
housing, for an in-phase turbine imbalance, and least sensitive to the pump end ball bearing
deadband at 109% RPL). Also, the best and worst case pump housing response is shown
in Table 41 on page 119. Parameter sensitivity graphs for pump end bearing load, turbine
end bearing load, preburner impeller deflection, main stage impeller deflection and turbine

CG deflection are shown in the following figures.
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Nonlinear Analysis Main Stage impeiler Deflection Sensitivity Results
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5.2.3 Summary

The critical speed sensitivity analyses show the Pump Bounce Mode is sensitive to pump
end rotor support stiffness and Turbine Bounce Mode sensitivity to turbine end rotor support
stiffness. Likewise, the Pump Bounce Mode is not sensitivity to turbine end rotor support
stifiness and the Turbine Bounce Mode is not sensitive to pump end rotor support stiffness.
The only other system mode sensitive to rotor support stiffness can be seen in the Housing
Bending Mode at approximately 45 KRPM, to both pump end and turbine end rotor support
stiffness. Variation in the Housing 1st Bending Mode is small, approximately 42,500 to 45,000
RPM.

A nonlinear critical speed assessment is presented in the following section.

Critical Speed Sensitivity to Bearing Radial Stitfness
Bearing Spri te Variati Criti dR
earing Springrate Variation Principal ritical Speed Range
PEBB TERB Rotor Mode X-Z Plane Y-Z Plane
Pump 28.5-29.5 29.5-32.0
0.5€6-1.0E6 3.5E6 Bounce (KRPM) (KRPM)
(Ib/in) (Ib/in) Turbine
Bounce No Change No Change
Pump
No Ch e No Change
0.75E5 2.5E6-4.5E6 Bounce ©-hang I
{Ib/in) (Ib/in) Turbine 33.5405 33.0-39.0
Bounce (KRPM) (KRPM)

Table 42. Critical Speed Sensitivity Summary
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Based on the analytical stability sensitivity study of seven rotordynamic parameters for the
HPOTP, the main stage impeller hydromechanical forces have the biggest affect on the rotor
stability (e.g. increasing the stability of the pump mode can be accomplished largely with the
decrease in impelier forces). However, with all input parameter variations of the sensitivity
analysis (damper seal, turbine seali, aeromechanical, hydromechanical forces, and PEBB
springrate, TERB springrate and structural damping) stable operation is predicted when
considering these parameters as “worst case” as shown in the MINIMUM CASE of

Table 43.

Stability Sensitivity (LOG-DEC @ FPL)
Mode Minimum Maximum
Pump Mode 0.027 0.515
Turbine Bounce 0.107 0.285
1st Rotor Bending 1.440 1.900

Table 43. Stability Sensitivity Summary
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Based on the analytical nonlinear forced response sensitivity study of nine rotordynamic
parameters (damper seal, turbine seal, aeromechanical, hydromechanical forces, and PEBB
springrate and deadband, TERB springrate and deadband, structural damping, and static
side loads) for the HPOTP, the static side loads and TERB deadband have the biggest affect
on Pump Flange Accelerations at FPL. Other less sensitive parameters include, damper seal

forces, impeller forces, and structural damping.

Other measurements for sensitivity assessment include PEBB and TERB load, and
preburner, main stage and turbine deflections. These results show the PEBB load to be most
sensitive to PEBB deadband, the TERB load to be most sensitive to damper seal forces and
TERB stifiness, the PBI deflection to be most sensitive to damper seal forces and PEBB
deadband, MS! deflection to most sensitive to MS! forces and PEBB deadband, and the
turbine deflections to most sensitive to TERB stiffness and deadband.

The nonlinear peak response assessment of critical speed location is illustrated in
Figure 81 on page 129 for consideration of deadband effects. Results show subcritical
operation is maintained with worst case conditions PEBB and TERB deadbands. The Pump
Mode critical speed range is 28,500 to 31,250 RPM for a PEBB deadband range of 1.0 to 4.0

mil (Dia.).

Minimum and maximum conditions are summarized below for the Pump Flange Response
with resulting station responses. The spread of 2.4 to 11.5 G’s is a result of the parameter
variations considered. Test results are expected to be reduced in range and amplitude.

Nonlinear Forced Response Sensitivity (FPL)
Load (Ibs) Acceleration (Gs) Deflaection (mils)
Output Parameter
Level 1 Levei 2 Level 1 Level 2 Level 1 Level 2
Pump Housing X-Cel - - 24 11.5 - -
Turbine Housing X-Cel - - 1.5 7.0 - -
Pump End Bearing 0 130 1.6 2.0
Turbine End Bearing 1250 2400 - 1.0 1.6
Preburner Impelier - - - - 0.6 1.2
Damper seal - - - - 1.4 1.3
Main Stage impeller - - - - 286 34
|.P. Seal Package - - - - 1.7 2.5
Turbine C.G. - - - - 0.7 21
Note: ‘Level’ is based on Min/Max Pump Flange Acceleration Conditions.
Table 44. Nonlinear Forced Response Sensitivity Summary
128
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6.0 CONCLUSIONS

The analyses presented in this report include both detailed parametric sensitivity studies, in
combination with a thorough baseline analysis.

The following conclusions are supported from the resuits of these analyses:

1. The ATD HPOTP has 2X critical speed margin relative to the fundamental rotor bending
mode (i.e., satisfy 20% DVS criteria).

2. Subcritical operation is predicted for baseline conditions and nonlinear tolerances,
including bearing deadband. The first rotor mode is predicted to occur at 30,000 RPM
(124% of FPL).

3. The ATD HPOTP has adequate rotordynamic stability margin from both linear and
nonlinear studies (OS! exceeds 40K RPM with 0.24 LOG-DEC vaiue at 109% RPL).

4. Acceptable housing accelerations and bearing loads are predicted.

5. All DVS rotordynamic criteria are satisfied.
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